Measurements of the effective absorption coefficient I" have been made, for a range of neutron energies, of large single crystal specimens of quartz, silicon and sapphire, at 300 K and 80 K. The effectiveness of such filters is given by the ratio of I" for (unwanted) epithermal neutrons to that for the desired thermal neutron beam. Our results indicate that sapphire is significantly more effective than either quartz or silicon for a wide range of neutron energies.
INTRODUCTION
The use of large, perfect single crystals of various materials as filters for thermal neutron beams has long been known I: one of the most successful filter materials is quartz (Si0 2 ),2-4 although several other materials such as bismuth. beryllium. magnesium oxide (MgO) .o silicon 6 and sapphire (AI 2 0 a ) have been suggested as potential competitors. At high neutron energies, greater than about 1 e V. the total neutron cross-section (J, of each of the above-mentioned materials is in the range of a few barns (1 bn = 10-2H m 2 ). but at lower thermal energies, less than 0.1 eV. where much of the coherent "Bragg" scattering is disallowed. the effective cross-section for the single crystal specimens is much reduced. This effective cross-section is the sum of several contributions: (a) absorption, (T a , normally proportional to neutron wavelength, (b) incoherent, (Jill" (c) coherent inelastic. eTilw] and (d) any residual Bragg scattering. (T,,] . Item (d) is highly dependent on neutron wavelength, crystal orientation and crystal perfection and item (c) depends upon crystal temperature (phonon population) and may be substantially reduced by cooling the filter. In most cases there is little advantage in cooling the above materials below liquid nitrogen temperature. The efficiency of a filter is thus determined by the ratio R = (eTa + (Till(, + (TiIW] + (Tl'I)/(T" (I) The lower the value of R • the better the filter; a low value for the numerator implies good transmission of neutrons in the desired thermal energy range. while a large denominator ensures strong scattering of the unwanted epithermal and fast neutrons. The filter also acts to reduce the intensiy of any y-ray beam which accompanies the neutron beam, for example, from a conventional fission reactor.
In Table I we list the relevant cross-sections from which estimates of the values of R may be obtained. The values of (T a refer to 1.8 A (0.025 eV) neutrons; (Till(, values are taken to be independent of neutron wavelength; each (T, is an average value for energies between I and 10 4 e V. All these cross-sections are reasonably wellknown quantities, and are independent of the orientation, perfection and temperature of the filter crystal. The relationships between the well-known bound coherent cross-section, (J,,"h, in Table I , and the effective inelastic and elastic cross-sections, (Jille] and (Je), in Eq. (1), are much more complex, however, and may not be reliably calculated. Measurements of filter transmission are therefore required for particular single crystal specimens of each material, to determine realistic estimates of filter efficiencies. The best possible efficiencies will be obtained if the contributions (Je! and (Jine! are substantially reduced, the former by suitable orientation of highly perfect crystals and the latter by cooling to low temperatures to minimize the population of phonons, particularly those of low frequency. The absolute minimum value of R, assuming all coherent scattering processes may be eliminated, is given by the ratio (2) Table II , quartz would seem to be the most promising, with silicon the least. Experimentally, however, these two materials are quite comparable: at 80 K, their R values are the same to within 20% over much of the thermal energy range. We have made neutron transmission measurements of several specimens of the above materials. The most important results, for 2 specimens of sapphire, indicate that this material can be significantly more effective than Si or SiO z (at least twice as good at 300 K). It is also readily available in large sizes, up to 300 mm diameter. However, our results also show that it is quite difficult to eliminate unwanted Bragg scattering processes «(T"I) for all neutron energies simultaneously.
I. EXPERIMENTS
The filter transmission measurements were made with the aid of two triple-axis crystal spectrometers, at facilities E-13 and L-3 located at the NRX and NRU reactors respectively, at Chalk River. The spectrometers were operated in the twin-axis mode, with analysing crystals removed. Monoenergetic beams of neutrons were obtained by Bragg reflection (Bragg angle 0",) from suitable Ge monochromator crystals, using (111), (113) or (331) planes, over a range of angles 20/11' In a preliminary experiment, the neutron beams were checked for possible order contamination with the aid of a neutron chopper system for time-of-flight measurements shown schematically in Fig. I . The chopper, mounted in between the monochromator and the :lHe detector, consists of a 368-mm diam. disc of Cd, 0.5 mm thick, fixed to an AI disc for structural support, with 4 equally spaced radial slots. Each slot is 1.1 mm wide by 63.5 mm long, with its centre point 143 mm from the disc axis. The disc is rotated at 3450 rpm with its axis parallel to and 143 mm above the centre line of the monoenergetic neutron beam. Suitable fixed boron-loaded masks were used to restrict the beam width to 1.1 mm, so that a train of neutron pulses 22 fLS wide is trans-mitted by the chopper. The time of flight of each pulse to the :lHe detector is measured by means of a standard multichannel analyser which has 10 fLS time channels. With a flight path of 1.6 m, the system is easily capable of resolving the various components of the beam up to at least 5th order, when the I st order neutrons are in the thermal energy range. As would be expected, we found that the beam had a negligible higher order contamination, less than 0. 5'7c , for all primary neutron energies greater than 0.025 e V. [n this range, the chopper could be removed and the filter transmission measurements made very rapidly with the full continuous beam. As an added check, at less than 0.08 e V, the chopper was employed to select only the I st order neutrons for the transmission measurements. [n the overlap region, 0.025 to 0.08 e V, the measurements with and without the chopper were in very good agreement. It is very important for the low energy measurements to avoid order contamination since R rises rapidly with neutron energy: a small admixture of higher order neutrons may produce a large error in the measure R for the desired first order energy.
Suitable collimators and masks were employed to ensure that the neutron beam at all times passed through the full length of each filter crystal under investigation. Two samples of sapphire, each 25 mm diameter, and between 80 and 90 mm in length, were examined, along with a silicon crystal (98 mm diameter, 71 mm long) and several assorted pieces of quartz (each of 50 mm square cross-section and varying in length from 50 mm to 150 mm), including a block which had become blackened as a result of many years usage as a neutron filter at the NRU reactor. [n a typical examination, the integrated neutron count in the :IHe detector, for a given number of incident neutrons of known energy, was measured both with and without the filter in position. The filter orientation was varied, by rotation of up to 360 0 about the beam direction and by rotations of a few degrees about a perpendicular axis. These '"tuning" rotations produced very large changes in neutron transmission for certain crystals, including both sapphires, as various possible Bragg planes passed through their reflecting posItIons for the given neutron energy. The tuning effects were large in some quartz samples and small in others, while the extremely perfect silicon crystal showed only very small changes in transmission as a function of orientation. The above examination procedure was then repeated for many different neutron energies over the range 0.008 to 0.18 e V, and also for an epithermal neutron beam obtained by inserting a Cd sheet and turning the monochromator crystal slightly away from the correct Bragg reflecting position. Epithermal and fast neutrons may also reach the detector by routes other than the direct beam line. These were estimated by blocking the direct beam line with a 300 mm long wax block mounted in place of the filter. A small correction was then made to the filter transmission results, for this fast neutron background.
If the corrected and normalized neutron counts with the filter in and out of the beam are I, and Io respectively, then
where t is the filter length, u the appropriate total crosssection per formula unit, and n the number of formula units per unit volume. The product (nu), often called the effective absorption coefficient /-t, is the quantity of most Fig. 2 we show a typical set of observed /-t values for the sapphire specimens. Each value is the lowest obtainable by "tuning" the crystal for each neutron energy. The scatter of the points about a smooth curve is most probably due to residual Bragg scattering effects which could not be tuned out with the range of orientations available. At higher energies, /-t rises progressively towards the limiting value IUTI = 0.320 ± 0.002 cm-I , as more and more reflecting planes are available to permit Bragg scattering to occur. The higher momentum transfers allowed at higher energies also give rise to more intense inelastic scattering processes. At lower energies, on the other hand, the /-t values almost reach the lower limit imposed by the irreducible absorption and incoherent scattering processes, indicated by the dashed curve in Fig. 2 . The measured R value is less than 0.1 over the very useful energy range 0.008 to 0.054 eV: for example, R = 0.062 at 0.025 e V. A tuned sapphire filter of 100 mm length will transmit, at room temperature, == 82% of a 0.025 e V neutron beam while removing (I - el (/1. ,; Table III compares the measured R values for a neutron energy 0.025 eV, for all three filter materials. The decisive advantage of sapphire at 300 K is clearly seen.
In the cases of quarti 1 .4 and silicon,!; substantial reductions in R were achieved by cooling the crystals to reduce the low-frequency phonon populations and hence the (Ti'H'1 contributions. We therefore placed several sample crystals in turn in a simple liquid N 2 -cooled cryostat. and repeated the above measurements. No attempt was made to optimize the orientation of each crystal inside the cryostat; thus the results showed considerably more scatter for the sapphire crystals and also for several quartz samples. The silicon and several other quartz samples were well behaved, however, giving fL values in good agreement with the earlier results.: u .
1i In order to investigate the specific effect of temperature on fL for sapphire, measurements were made for a fixed crystal orientation at 300 K and 80 K. for a series of neutron energies. The results are shown in Fig. 3 . The very large fluctuations due to (T .. I tuning effects are clearly seen, but at each energy, fLHO is significantly less than fL:lOO' The differences (fL:lOO -fLHO) arise from a combination of at least two effects: (i) the reduction in (Tint"!, and (ii) changes in the ""tuning" with temperature (thermal expansion) even though the crystal orientation is fixed. The latter effect varies in a more or less random manner with neutron energy and would be quite difficult to calculate. The effect of lowering the temperature to 80 K is to reduce fL by about 0.0 I at low neutron energies. and by larger amounts. as much as 0.03, at energies greater than 0.06 eV. Figure 3 shows very clearly that "tuning" the crystal can produce very much larger effects than simply cooling it. Unless the crystal is highly perfect, fL values obtained for a randomly chosen orientation may easily be higher than the much lower value achievable at some slightly different orientation, for a given neutron energy.
Examination of the previous results;; for MgO shows the same kind of tuning problem for neutron energies 2': 0.015 e V, although for lower energies the filter transmission at low temperature was very close to the theoretical maximum set by IT" + (}"in .. ' From the ""upper envelope" of the curve for MgO;;, which represents what might be achieved with a highly perfect single crystal, we may conjecture that this material would be comparable to or even a little better than sapphire. in the neutron energy range 0.01-0. IO e V.
The second column of Table III shows, for a typical neutron energy 0.025 e V, that the efficiency of a tuned quartz filter improves very considerably on cooling to 80 K. The improvement for silicon is less marked, though still worthwhile: for sapphire. the temperature change is scarcely large enough to justify the expense and complication of liquid nitrogen cooling. This wide variation in the improvement on cooling may be simply explained by considering the cross-section for coherent, onephonon creation scattering processes. The most important factors in this cross-section are (i) the frequency' !l of the lowest major peak in the phonon density of states g(I1). as listed in Table III , and (ii) the population factor where IJ is the phonon frequency and T the filter temperature. On the assumption that the main contribution to iTi'H'1 arises from one-phonon creation processes involving phonons near the lowest peak in g( 11). the calculated improvements in R values on cooling are in good agreement with those observed.
II. DISCUSSION
Sapphire can be a considerably more efficient thermal neutron filter than either silicon or quartz as shown in the "tuned" room temperature results of Fig. 2. Figure 3 demonstrates that the present samples are not of sufficient quality (i.e., low enough mosaic spread) for full realization of sapphire's potential, unless the user is prepared to fine-tune the crystal orientation to minimize fL for each neutron energy of interest. For some purposes. this may not be a serious drawback; provided the incident neutron energy Eo for a scattering experi- Another factor of importance from the vlbwpoint of crystal perfection and tuning is that of crystal structure. A simple structure should in principle be advantageous, since the Bragg reflections from such a crystal are more widely separated in angle, and hence more easily avoided, than those from a more complex crystal structure. In this regard. MgO is definitely to be preferred over Si0 2 or AI 2 0: l • The irradiated quartz samples appeared to be as good as the best unirradiated specimens, as regards their neutron filtering properties. Unfortunately, we do not have comparable measurements of JL for these samples hefore they were ever exposed to neutron and y-ray beams, neither do we have a complete record of the integrated beam intensities to which they have been exposed. However, a rough estimate of the integrated fast neutron flux is about 10 17 n cm--I , distributed over a 10 cm length of filter. Since this represents probable damage to only about 10-1 ; of the atoms in the filter, one would expect a negligible deterioration of the filter efficiency.
The effect of cooling, illustrated in Table III , is to improve the filter efficiency, provided that the tuning problems can be overcome. The improvement is marked for those materials having a high density of low frequency phonon states, such as quartz. It seems probable that the quartz efficiency may be further improved by cooling to 15-20 K. (This could be conveniently achieved by means of a closed-circuit helium refrigerator.) A bismuth filter would also be improved in this way, but for the remaining materials listed in Table II , particularly C. BeO, MgO, AI 2 0: l , it is hardly worthwhile to cool them below room temperature. The major difficulty in many cases, as noted earlier, is in obtaining suitable large. highly perfect crystals at an acceptable cost.
Note added in fJrO(!f:
We have recently obtained a cylindrical sapphire crystal of "super" optical quality and orientation (000 I) axis parallel to the cylinder; results for this sample at 300 K and 80 K over the energy range 0.029 to 0.163 e V were very promising, in that very little orientational tuning was required to minimize JL for each neutron energy. For a fixed orientation, the measured JL values followed closely the lower bound of the results shown in Fig. 2 .
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